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1. INTRODUCTION
The exploitation of single molecules or single monomolecular
layers as active elements of electronic circuits is the main goal of
molecular electronics.1,2 Single molecules can act as switches or
rectiﬁers or can show features of negative diﬀerential conduc-
tance.3,4 Most importantly, their properties could be speciﬁcally
designed, by synthetic chemistry, to meet the desired require-
ments.5 Current main eﬀorts in molecular electronics are direc-
ted to understanding electronic transport mechanisms, including
issues related to the interface between metallic or semiconductor
electrodes and molecules and the role of molecular electronic
states in electron transfer mechanisms.6 Among the diﬀerent
types of molecules that have been tested for their potentiality in
molecular electronics devices, redox-active molecular species
appear to be very promising.7 Many theoretical and experimental
eﬀorts have been devoted to studying the electron transport process
in redox active molecules connecting two metal electrodes in the
electrochemical scanning tunneling microscope setup.815 The
scanning tunneling microscope oﬀers the possibility of combin-
ing imaging with spectroscopic analysis of single molecules. The
presence of an electrolytic solution allows us to perform a gating
of the molecular conductivity without the need of positioning a
third nanoelectrode near to source and drain electrodes (i.e., tip
and substrate).16 Indeed, in many cases, the electrolyte gating
eﬀect has been demonstrated. This eﬀect consists of a tunneling
current enhancement at ﬁxed bias voltage obtained when the over-
potential is in the proximity of the equilibrium potential of the redox
group. In a recent work, we have studied the current/overpotential
characteristics for the hydroquinone/quinone redox couple tethered
to a Au(111) substrate in an electrochemical scanning tunneling
microscopy (EC-STM) conﬁguration.17 The peculiarity of this
redox couple is that its oxidation/reduction reaction involves
globally the exchange of two electrons and two protons. The
system is interesting in light of the relevance of multielectron sys-
tems as components for molecular electronics devices. However,
the global electron transfer mechanism, as measured in an EC-
STM setup, remained somehow elusive. Dealing with redox-
molecules, it is a ready-reference to compare the results of single
molecule conductance with those performed with standard electro-
chemical techniques that deal with electron transfer rates.18 In
fact, some important parameters for the interpretation of single-
molecule conductivity experiments on redox-active components
can be suggested by cyclic voltammogram analysis. The relation
between the two types of measurements is currently under dis-
cussion.18 In the speciﬁc case of the hydroquinone/benzoquinone
redox couple, a cyclic voltammetry analysis of a self-assembled
monolayer (SAM) of derivatized hydroquinone moieties in
buﬀered solution in a pH range from 4 to 9 shows the presence
of a single reduction/oxidation wave involving the exchange of
two electrons.19 When the same molecular construct is analyzed
by EC-STM as a function of the overpotential, two regions of
tunneling current enhancement are found.17 This diﬀerent behavior
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ABSTRACT: Multielectron systems as possible components of
molecular electronics devices are attracting compelling experimen-
tal and theoretical interest. Here we studied by electrochemical scan-
ning tunneling techniques (EC-STMicroscopy and EC-STSpectro-
scopy) the electron transport properties of a redox molecule
endowed with two redox levels, namely, the hydroquinone/qui-
none (H2Q/Q) couple. By forming self-assembled monolayers on
Au(111) of oligo-phenylene-vinylene (OPV) derivatized H2Q/Q
moieties, we were able to explore the features of the tunneling
current/overpotential relation in the EC-STS setup. The behavior
of the tunneling current sheds light onto the mechanism of electron
transport involving the redox levels of the H2Q/Q redox pair coupled to tip and substrate electrodes.
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points to a diﬀerent electron transfer mechanism in the two
experimental setups. In the speciﬁc case of the hydroquinone/
benzoquinone redox couple, protons are also involved in the
reaction. This feature makes the oxidation/reduction reactions
highly dependent on the environment, complicating even more
the mechanistic description of the process.
In ref 17, we interpreted the appearance of two regions of tun-
neling enhancement as a function of the substrate overpotential
as mainly due to the eﬀect of two processes of electron transfer,
each one involving a single electron, according to the nine-mem-
bered scheme of hydroquinone/benzoquinone reaction devel-
oped by Laviron.20,21 The two peaks observed in the tunneling
current/overpotential spectroscopy were interpreted as being
due to the presence of the two redox equilibria, even if a possible
role of a coulomb blockade mechanism in the transfer mechan-
ism was also conjectured. In the present work, we have changed
the alkyl linker between the substrate and the quinone moiety for
an oligo-phenylene-vinylene one to modify the electronic cou-
pling and the electron transfer rate between the hydroquinone
and the substrate, evaluating the eﬀects of this modiﬁcation both
by cyclic voltammetry and EC-STM/STS (scanning tunneling
spectroscopy). The choice of the new molecule is mainly sug-
gested by the possibility of exploring the role of the conjectured
coulomb blockade mechanism by modifying the coupling of the
redox moiety with the substrate. The new molecule should show
a decreased separation between the two current enhancement
regions with respect to the previous molecule. This condition
should allow us to test the coulomb blockade hypothesis and, at
the same time, some predictions of theories developed for the
interfacial electron transfer mechanism involving multiple redox
levels.22,23 In particular, a small separation between the peaks
would permit us to study the features of the tunneling current/
overpotential relation for a bias voltage larger than peak separa-
tion. This investigation would shed further light on the electron
transfer mechanism involved in the system at issue.
2. EXPERIMENTAL SECTION
2.1. Sample Preparation. 4-(20,50-Dihydroxystyryl)benzyl
thioacetate (Chart 1, compound 1) was synthesized according
to the procedure by Trammell et al.24 Au(111) substrates were
prepared by evaporating a 150 nm thick gold layer on a high
vacuum prebaked (450 C) mica substrate and subsequently
annealing them at 450 C for 4 h in high vacuum. For assembling
the hydroquinone adlayers, a gold substrate was flame-annealed
and immediately immersed in an ethanol solution containing the
specific molecules to form the SAM. For EC-STM imaging, an
SAM was assembled on Au(111) starting from an ethanol solu-
tion composed of 105M 6-mercapto-1-hexanol (MCH) following
overnight incubation. After incubation, the sample was rinsed in
abundant ethanol and immersed in a 105 M 4-(20,50-dihydrox-
ystyryl)benzyl thioacetate ethanol solution for 60 min.25 The
sample was then rinsed in ethanol and mounted in the EC-STM
cell. The imaging buffer was 50 mM NH4Ac, pH 4.6 or 7.6. This
procedure allowed us to obtain an adlayer that showed, in the
EC-STM images, the presence of bumps protruding from a
background. The bumps can be interpreted as single molecules
or small islands of derivatized hydroquinone molecules protrud-
ing above theMCH layer. For EC-STS, we assembled samples by
incubating freshly annealed Au(111) substrates in a 105 M
4-(20,50-dihydroxystyryl)benzyl thioacetate ethanol solution over-
night. Then, the sample was abundantly rinsed in ethanol and
installed in the EC-STM cell. The buffers used for EC-STS were
50 mM NH4Ac, pH 4.6 and 7.6.
2.2. Electrochemical Characterization, EC-STM Imaging
and Scanning Tunneling Spectroscopy. The derivatized hy-
droquinone SAMs were characterized by cyclic voltammetry.
Electrochemical data were acquired under the same conditions as
those for EC-STM and STS to be best compared. The buffers
used for cyclic voltammetry were 50 mMNH4Ac at two different
pH values: 4.6 and 7.6.
EC-STM imaging was performed by a PicoSPM microscope
(Molecular Imaging) equipped with a bipotentiostat. The bipo-
tentiostat allowed us to control independently the potential of
substrate and tip with respect to a quasi-reference silver wire. The
tip was prepared by electrochemically etching a Pt/Ir (80/20)
wire, and it was coated with Apiezon wax to reduce leakage
currents to values smaller than 510 pA. As a counter electrode,
a Pt wire was used. The potential of the silver wire was checked
against an SCE reference electrode at the beginning and at the
end of each experimental session, and all of the data in the
following are referred to SCE. For spectroscopy-like imaging, a
sequence of images of the same sample region was acquired at
constant bias for diﬀerent values of substrate potential. The
apparent height variation of the hydroquinone-terminated mol-
ecules upon varying the substrate potential was measured against
the electrochemically inactive MCHmolecules. For EC-STS, the
variation of the tunneling current upon substrate potential (Vs)
was measured at ﬁxed height and lateral tip position on the
sample. To this aim, tipsubstrate approach was performed as
usual at a given tunneling current set point, and the feedback loop
was then switched oﬀ. During approach, a substrate potential
value was set according to spectroscopy-like imaging information
to avoid tunneling current enhancement. The substrate potential
was then swept alternatively toward positive and negative direc-
tion at scan rate of 0.05 V/s to cross the redox potential of the
hydroquinone/benzoquinone couple. The comparison of the
tunneling current at the beginning and at the end of the sweep
was used as a probe of vertical stability of the tip/substrate position.
STS experiments were also performed at two diﬀerent bias voltages:
100 and 200 mV.
3. RESULTS AND DISCUSSION
In ref 17, wemeasured the electrochemical scanning tunneling
spectroscopy signal on 2-(6-mercaptoalkyl)hydroquinone mol-
ecules on Au(111) for two diﬀerent pH values: 4.6 and 7.6. The
STS analysis was performed on a SAM of that molecule, and for
both pH values, the presence of two regions of tunneling current
enhancement as a function of substrate potential was observed.
By changing pH, the voltage position of the tunneling current
Chart 1. Structure of 4-(20,50-Dihydroxystyryl)benzyl
Thioacetate (1)
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maxima changed: they were nearer to each other for higher pH.
A possible role of a coulomb blockade mechanism was suggested
as an explanation for the appearance of two regions of tunneling
current enhancement. Many theoretical investigations dealing
with the presence of two redox levels in the gap between the tip
and the substrate in EC-STM prompted that an information-rich
experiment is that in which the bias voltage is changed relatively
to the energy separation between the two levels.22,23,26,27 In-
spired by these ideas, we chose to work with 4-(20,50-dihydrox-
ystyryl)benzyl thioacetate; given its delocalized bridge, it should
ensure a smaller separation of the twomaxima if a coulombblockade
mechanism is present in the observed phenomenon and because
of its possibly increased electronic coupling and higher electron
transfer rate to the substrate. In any case, the opportunity of having
the two peaks nearer to each other would enable studying features
connected with an applied bias voltage higher than the potential
separation between the two peaks.
3.1. Electrochemical Characterization of 4-(20,50-Dihy-
droxystyryl)benzyl Thioacetate SAM on Gold. We first char-
acterized SAMs of the newmolecule on gold by cyclic voltammetry.
Figure 1 shows a cyclic voltammogram of the molecule (1) com-
pared with that of the molecule used in ref 17. The twomolecules
show different electron transfer rates due to the different linker
with the substrate. Further electrochemical characterizations, in-
cluding dependence of the peak current and position on the scan
rate, and dependence on pH are reported in the Supporting
Information file. From these data, it results that both the anodic
and cathodic peaks involve an average exchange of 1.5 electrons,
and the redox potential shifts by 0.059 V/pH, in agreement
with a Nernstian redox species involving the exchange of two
protons and two electrons.
3.2. EC-STM and EC-STS Investigation of 4-(20,50-Dihy-
droxystyryl)benzyl Thioacetate on Gold. We then passed to
the characterization of the complex (1) by both spectroscopy-
like imaging and scanning tunneling spectroscopy in electro-
chemical environment. A mixed SAM composed of hydroqui-
none with the OPV linker and MCH was assembled on a Au(111)
substrate for spectroscopy-like imaging. Figure 2 reports EC-
STM images of the molecular construct. The mixed monolayer
was assembled by the substitution technique starting from an
MCH SAM.25 Figure 2a shows the MCH layer with the presence
of pits, one-atom-layer deep, typical of thiolated SAMs on gold.
After an incubation of the preformed MCH layer with complex
(1), we observed the presence of both pits and molecules pro-
truding from the MCH layer, which we attributed to derivatized
hydroquinone molecules (Figure 2b). (Their density in the EC-
STM images is proportional to the incubation time and hydro-
quinone concentration in the incubation solution.)
Performing a sequence of images at constant bias (400 mV, tip
positive) and varying substrate potential with respect to the
reference electrode, we obtained the images reported in Figure 3.
This sequence, spanning a substrate potential range from 300
to +500mV versus SCE, clearly shows that the apparent height of
the spots with respect to the MCH layer depends on substrate
potential (Figure 3af). A statistical analysis of the apparent
height based on the measurements of 35 molecules showed the
presence of two regions of apparent height increase (Figure 3g).
Moreover, considering the apparent height in regions of no en-
hancement, it turned out that an overall increase took place if one
goes from the reduced to the oxidized molecular state according
to previous results on a similar molecule.28
Comparing the above results with those obtained in our previous
work on 2-(6-mercaptoalkyl)hydroquinone, we note that two
regions of tunneling current enhancement are again visible, but
now the peak separation is 400 mV at variance with the previous
feature of 600mV under similar conditions. This result highlights
that the delocalized bridge of the hydroquinone moiety moves
the two peaks closer to each other.We then passed to EC-STS on
a SAM composed only of the OPV-derivatized quinone molecule
to get direct access to the tunneling current. By this technique,
one can obtain the tunneling current/overpotential characteristic
curve that is the typical output of theories analyzing the behavior
of redox molecules in an EC-STM setup.2931 The results are
reported in Figure 4. Similarly to what we observed in the case of
spectroscopy-like imaging on complex (1) of this work and on
2-(6-mercaptoalkyl)hydroquinone,17 we found two regions of
tunneling current enhancement. The two regions were posi-
tioned at approximately the same potential (50 and +350 mV
vs SCE) as that in EC-STM. A slight rigid shift toward higher
substrate potentials was observed for the peaks in the case of
spectroscopy-like imaging. This behavior could be related to the
diﬀerent bias voltage used in the two experiments.17 Moreover,
given the strong dependence of redox potential on pH for the
hydroquinone/benzoquinone redox couple, we studied the behavior
Figure 1. Cyclic voltammograms of 2-(6-mercaptoalkyl)hydroquinone
SAMs on gold (dashed line) and 4-(20,50-dihydroxystyryl)benzyl thioa-
cetate (continuous line). The voltammograms have been obtained in
50 mM NH4Ac, pH 4.6 at a scan rate of 0.5 V/s.
Figure 2. Molecular construct for EC-STM spectroscopy-like imaging.
(a) SAM of 6-mercapto-1-hexanol (MCH) is assembled on an Au(111)
surface. Scale bar: 20 nm. (b) By exploiting the substitution technique,
4-(20,50-dihydroxystyryl)benzyl thioacetate molecules are included in
the SAM. The visible protruding bumps can be associated with single
molecules or small islands of 4-(20,50-dihydroxystyryl)benzyl thioace-
tate. Scale bar: 30 nm. Both images have been acquired in 50 mM
NH4Ac, bias 400 mV, substrate potential: 60 mV versus SCE.
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by EC-STS for a more basic pH value. The curve obtained at pH
7.6 is reported in Figure 4b along with a comparison with the data
at pH 4.6. It is evident that the two regions of tunneling en-
hancement are now nearer to each other. This behavior points to
the fact that the two enhancements should be attributed to two
diﬀerent chemical species or redox levels.
If a cyclic voltammetry analysis of the hydroquinone/benzo-
quinone redox couple is performed in aprotic solvents, the inter-
mediate state involving the exchange of only one electron is
stabilized and two peaks appear both in the cathodic and in the
anodic scans, each one involving the exchange of one electron.
This situation might suggest a possible role of the reduced
accessibility of protons to the molecules involved in the electron
transfer process as a consequence of the STM tip hindrance. How-
ever, the position of the tunneling enhancement peaks observed
in the EC-STM and EC-STS is aﬀected by the solution pH, sug-
gesting a role of protons in the overall observed electron transfer
mechanism.
In the case of a single redox level between the tip and the
substrate in EC-STS conﬁguration, a useful characterization is
provided by the analysis of the tunneling current as a function of
the substrate potential for diﬀerent values of the bias voltage.3135
Typically, the relevant comparison is that between the bias voltage
and the reorganization energy involved in the redox reaction.
In this case, considering the possibility of the involvement of two
redox species or two diﬀerent redox levels, a relevant parameter
could also be the comparison of the bias voltage with the separation
in energy between the two levels. In Figure 5, the comparison for
two bias voltages, 100 vs 200 mV, for the molecule at pH 7.6 (the
case with the smaller separation between the peaks) is reported.
It is interesting to note that by increasing the bias voltage, a dif-
ferent feature in the tunneling current characteristics appears.
The larger bias voltage favors the presence of two plateaus with
diﬀerent values of tunneling current.
3.3. Rationalization of the Differences between Cyclic
Voltammetry and EC-STM/STS Investigations: Explanation
of the Presence of Two Tunneling Enhancement Regions.
Whereas, in cyclic voltammetry, when an electron is transferred
from themolecule to the substrate or vice versa, the molecule might
change conformation (and rest in the new one), in EC-STM
Figure 3. Spectroscopy-like imaging of a mixed SAM of MCH and 1. From af, the images have been acquired at the following substrate potentials:
(a)310, (b)60, (c) +40, (d) 90, (e) +290, and (f) 490 mV all versus SCE. Buﬀer: 50 mMNH4Ac, bias 400 mV. (g) Apparent height of the bumps
with respect to theMCH layer from a population of 35 spots: Red squares are the measured apparent heights from EC-STM images. The continuous red
line represents the background increase in the apparent height that occurs when the oxidation state of the molecule changes. Black triangles are obtained
from the red ones after background subtraction. The overlaid continuous line is a guide for the eye.
Figure 4. EC-STS analysis of compound 1 on gold. (a) Comparison between EC-STS analysis (tunneling current, circles) and EC-STM imaging
(apparent height, squares) performed in 50 mM NH4Ac, pH 4.6. (b) Comparison of EC-STM analysis at pH 4.6 (circles) and 7.6 (stars). (EC-STM:
Vbias = 400 mV, Iset point = 1 nA; EC-STS: Vbias = 100 mV, Iset point = 0.5 nA). The continuous lines in each image are guides for the eye.
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experiments, a current flow means a directional steady-state pas-
sage of electrons, in the presence of four electrodes, induced by
the presence of a bias voltage that might affect in a different way
the conformation of the molecule. In the latter case, the current
intensity, which is the residing time of electrons on the molecule,
can change the extent that the vibrational modes of the molecular
structure and the environment are involved in the overall process.6
This consideration points to inelastic tunneling contributions to
electron transport mechanism and to the peculiarities of in situ
measurements with respect to vacuum tunneling, the former
contribution being stronger for a long residing time of an elec-
tron on a molecule. All of these considerations highlight the differ-
ences that might be present in analyzing the electron transport
mechanism across a single molecule by the EC-STM setup with
respect to a similar case of electrochemical measurements on the
same molecule with a three-electrodes setup such as in cyclic
voltammetry.
The electron transport mechanism in EC-STM setup invol-
ving the energy levels brought about by a redox molecule ex-
changing one electron at a time has been thoroughly studied in
both experimental and theoretical investigations.79,11,13,30,36 In
the case of an asymmetric junction in which the molecule is im-
mobilized on a substrate and an electron tunneling gap is established
between substrate and tip, the presence of a redox level induces
an increase in the tunneling current at constant bias for a value of
substrate potential near the equilibrium potential of the species
involved.31 This phenomenon is usually referred to as “electro-
chemical gating”. Many experimental results can be rationalized
on the basis of the theoretical framework developed for this
particular situation. In this theory, the electron transportmechanism
is strictly dependent on vibrational relaxation of the redox species
and on ﬂuctuations in the molecular levels due to coupling with
the environment. Because of the involvement of environmental
properties, it is often referred to as an “in situ” mechanism. It is
also possible that in the gap between the tip and the substrate
more than one redox level is present.37,38 This situation could
come into being because of the presence of two redox levels on
the same or on two diﬀerent molecules. Such a situation has
recently attracted much theoretical interest due to the possibility
of exploiting multielectron systems for molecular electronics
devices22,23,27. A typical example is represented by the electron
transport mechanism in a metallic nanoparticle sandwiched
between tip and substrate.34,39 In the experimental investigation
presented by Schmickler et al. (ref 37), two redox centers were
positioned between two Hg electrodes. Measuring the current as
a function of the potential of one electrode at constant bias, they
reported the presence of only one region of current enhance-
ment. Their situation can be theoretically understood in the limit
of small coupling of the redox levels with the electrodes, conﬁguring
a sort of sequential electron transport, approachable with the kinetic
equations methods used for multistep chemical reactions.26
The molecules we used in this and in a previous work are
characterized by a redox reaction involving two electrons and two
protons. In electrochemistry, it is usually assumed that the sim-
ultaneous transfer of two electrons is indeed very unlikely.40
Usually, multiple electron transfers involve complex reactions
that are diﬃcult to depict in a mechanistic fashion. It is also to be
stressed that in many cases a particular step in the sequence of all
involved transfer events could represent a sort of “rate-limiting
step” for the overall reaction. In this case, the electron transfer
reaction will be controlled by the diﬀerence between applied
potential and redox potential of the rate-limiting reaction. This
situation exactly applies to our case. Indeed, the hydroquinone-
to-benzoquinone reversible redox reaction has been represented
by a nine-membered scheme involving the exchange of protons
and electrons in sequence.21 If protonation reactions are at equilib-
rium, the nine-membered scheme collapses into a simple reaction
with two successive one-electron exchanges.21 Depending on the
direction of the potential scan, one of the two reactions will be
the rate-limiting step for the overall exchange. The possibility of
observing the two electron transfer processes as two diﬀerent
peaks (in the anodic or cathodic scans) in a voltammogram
depends on the mutual position of the two equilibrium redox
potentials. In the case of the hydroquinone/benzoquinone re-
action, we can consider Scheme 1, going from positive to negative
potentials.
Here species A represents the fully oxidized molecule (benzo-
quinone), species B (semiquinone) is obtained by adding one
electron to species A (reaction 1 from left to right), and species C
is the fully reduced hydroquinone molecule (obtained by reac-
tion 2 from left to right). The arrow in the scheme represents the
potential scale, and it points to decreasing potential values. In this
case, it is easy to see that coming from a negative potential, in
which the molecule is in state C, the ﬁrst reaction to occur must
be the one controlled by E0
2 (according to reaction 2 in the
scheme), whereas, coming from a positive potential, in which the
molecule is in state A, the ﬁrst reaction must be the one con-
trolled by E0
1 (according to reaction 1 in the Scheme). For a large
separation between the two equilibrium potentials, we will see
only one wave (anodic or cathodic) in the voltammogram, as in
our case. The peak will correspond to the exchange of two elec-
trons, and it will follow an almost Nernstian behavior typical for a
Scheme 1. Scheme of the Benzoquinone (Species A) to
Hydroquinone (Species C) Reaction through the Semiqui-
none Species (B)a
aArrow represents the potential scale pointing to decreasing potential
values. The two semi-reactions with the corresponding equilibrium
potentials are indicated as reactions 1 and reaction 2.
Figure 5. EC-STS analysis of compound 1 on gold at pH 7.6.
Comparison between two diﬀerent bias voltages: 100 (dashed red line)
and 200 mV (continuous black line) (Iset point = 0.5 nA).
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two electronstwo protons reaction. The particular feature of
this reaction, which will be relevant in the discussion of the EC-
STM and EC-STS cases, is that one of the two levels (e.g., going
from left to right in Scheme 1, level E0
1) does not exist until the
potential reaches the value of the second equilibrium potential
(e.g., level E0
2). If the positions of the two redox potentials
change, then it is possible to observe two separated peaks, as in
the case the two equilibrium potentials invert their positions. It is
clear that the possibility of observing the two peaks as separated is
connected to the interaction between the two involved reactions.
If, for example, the electrons are transferred to the same molec-
ular orbital without signiﬁcant structural rearrangement, then the
two electrons will interact according to a strong repulsion, and it
will be possible to observe two peaks. If the transfer involves the
participation of two redox groups, then the greater the repulsive
interaction between the two electrons, the higher the separation
between the two peaks. In the case of large molecular or solvation
state rearrangements, it is possible that further electrons are
attracted, always resulting in the appearance of only one peak. All
of the above considerations apply in standard electrochemical
investigations such as cyclic voltammetry. At this point, the question
relevant to our case is: what happens to the two redox levels of
the quinone molecule when they are positioned in the energy
(potential) gap deﬁned by the bias voltage in an EC-STM ex-
periment where four electrodes are present? The applied bias
voltage and the coupling of the molecule to the two electrodes (the
substrate and the tip) will aﬀect the overall reaction mechanism
for the exchange of the two electrons. In the Gerischer formalism
for electron transfer to solid-state electrodes, we can consider the
situations depicted in Figure 6.
In this Scheme, the positions of the two energy levels are af-
fected by the presence of the two electrodes according to the
usual mechanism invoked for single electron redox reactions.
Diﬀerent scenarios can apply from now on depending mainly on
the strength of the interaction between the molecule and the
electrodes and the bias voltage as compared with the separation
between the two redox levels and their reorganization energy.23
The eﬀect of coupling molecular energy levels to electrodes is
that of an increased width of the molecular level distribution and
a shift due to a redistribution of the electrons between the mole-
cule and the electrodes. Moreover, the potential at the redox site
will be strongly aﬀected by the fraction of the bias voltage and the
fraction of the overpotential at the redox site. An analytical
treatment of this situation can be found in previous theoretical
studies.22,30,39 These studies include the cases of a single mole-
cule with multiple redox levels, two molecules each carrying a
redox level, and metal nanoparticles with many accessible energy
levels. The results of the investigations usually provide the trend
of the tunneling current as a function of the substrate overvoltage
in a numerical or, upon approximations, analytical form. Here we
will try to explain what happens when the substrate potential
changes while keeping bias voltage constant. Suppose we are in
the situation of Figure 6a with the molecule in state C according
to Scheme 1. Moving the substrate potential toward a more
positive value, the ﬁrst level that can be involved in electron
transfer is that related to ε2. At variance with cyclic voltammetry,
the exploitable electrode here can be either the tip or the sub-
strate. For a positive tip potential, the level ε2 will be the ﬁrst to
align with the Fermi level of the tip. The transition of one elec-
tron from the level ε2 to the tip will cause the involvement in the
transfer mechanism also of the level ε1 that could be already in
the energy window between the Fermi level of the two electro-
des. If this transition takes place when ε2 is still below the Fermi
level of the tip, then level ε2 will not contribute to a large extent to
the overall tunneling current. In this situation, the main con-
tribution will come from level ε1. In fact, the relaxation of the
level ε1 can induce the transfer of many electrons from the sub-
strate to the tip as in the case of the vibrationally coherent two-
step electron transfer mechanism in the single redox level case for
strong coupling with the electrodes.30 If the substrate potential
increases further, then the level ε1 will exit from the energy
windows deﬁned by the two Fermi levels. When the substrate
potential is halfway between the two levels ε1 and ε2, the tun-
neling current will reach a minimum. Upon further potential in-
crease, the level ε2 will reach the bias voltage window inducing a
new maximum in the tunneling current when it is near the Fermi
level of the substrate. Each maximum will be caused in this case
by the involvement of only one redox level in the electron trans-
port phenomenon. The situation is similar to the case discussed
in ref 22 (in that work, the solvent activation mechanism is not
considered) even if here the order of the involvement of each
level is reversed. The inversion is mainly due to the fact that one
of the two levels does not exist until the other reaches its equilibrium
potential (see above). The discussedmechanismmight induce an
asymmetry in the width of the two tunneling current enhance-
ment peaks. The asymmetry will depend on the relative values of
the bias voltage, reorganization energy for the two electron trans-
fer processes, and separation between the two redox energy levels.
A diﬀerent scenario will hold in the case of a large bias voltage
with respect to the separation between ε1 and ε2 (Figure 6b) and
with respect to the reorganization energy for the single electron
transfer.22 As soon as level ε2 passes an electron to the tip, level ε1
will be generated and will open a further way for electron transfer.
In this case, the tunneling current due to ε1 will reach a short
plateau; then, the involvement of level ε2 will increase the tun-
neling current reaching a further plateau. The plateau is realized
when the relaxation of the level in the potential window deﬁned
by the bias voltage still keeps the level inside the window. Increasing
the positive potential of the substrate, level ε1 will exit from the
energy window deﬁned by the bias voltage and the tunneling
current will reach the level corresponding to the involvement of
Figure 6. Gerischer model for the redox levels between the energy
levels of the tip and the substrate. (a) Low bias voltage with respect to
energy levels separation and (b) high bias voltage case.
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only level ε2. Then, also level ε2 will go out of the energy window
and the tunneling current will be no more enhanced. The above-
discussed mechanism can be used to explain the behavior of the
tunneling current reported in Figure 5. The presence of two
clear-cut peaks is evident in the case of 100 mV bias voltage.
Doubling the bias voltage, we observed the presence of plateaus
in the tunneling current, in agreement with the above discussion
in the case of large bias voltage. The analysis of the tunneling
current also shows the increase in the current intensity between
the two plateaus. A similar behavior is predicted in the theoretical
investigations reported in ref 22.
4. CONCLUSIONS
In the present investigation, we have studied a molecule
endowed with two redox levels, which are more closely spaced
than in the case of the molecule used in ref 17. The reduced
separation is brought about by the more conductive linker ex-
ploited in this work to anchor the benzoquinone/hydroquinone
redox group to a Au(111) substrate. The present case allows us to
verify some features predicted by theoretical investigations of a
molecule with two redox levels in an EC-STM setup. In fact, the
results of Figure 5, clearly show the diﬀerence between the ap-
plication of a small or large bias voltage with respect to the energy
level separation, as depicted in Figure 6. These results strongly
support the interpretation of the electron transfer mechanism we
provided in this work without the need to invoke a coulomb
blockade mechanism.
Depending on the value of the bias voltage with respect to the
equilibrium potential separation of the two single-electron reac-
tions, the overall process of electron transfer can happen in two
separate electron transfer progressions (such as the case pre-
sented in Figure 4b), or the two levels can contribute at the same
time to the transfer process (such as the case of the continuous
line in Figure 5). The particular redox equilibrium potential of
the two reactions, essentially related to the conﬁgurational molec-
ular and solvent reorganization, makes them impossible to be ob-
served separately in cyclic voltammetry, but they become clearly
observable in EC-scanning-tunneling-related methods due to the
presence of a second polarizable electrode with which the mole-
cule can exchange electrons. The strong dependence of the studied
redox reaction on the environment allows us to regard our system
as a molecular switch that can be gated by pH variations and can
sustain multielectron exchanges.
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